Abstract Membrane bioreactors (MBR) are an important and increasingly implemented wastewater treatment technology, which are operated at low food to microorganism ratios (F/M) and retain slow-growing organisms. Enhanced biological phosphorus removal (EBPR)-related organisms grow slower than ordinary heterotrophs, but have never been studied in detail in MBRs. This study presents a comprehensive analysis of the microorganisms involved in EBPR in pilot-and full-scale MBRs, using fluorescence in situ hybridization (FISH), as well as an overall assessment of other relevant microbial groups. The results showed that polyphosphate accumulating organisms (PAOs) were present at similar levels in all studied MBRs (10%±6%), even those without a defined anaerobic zone. Glycogen accumulating organisms were also detected, although rarely. The FISH results correlated well with the observed P removal performance of each plant. The results from this study suggest that a defined anaerobic zone is not necessarily required for putative PAO growth in MBRs, since polyphosphate storage may provide a selective advantage in fulfilling cell maintenance requirements in substrate-limited conditions (low F/M).
Introduction
Membrane bioreactors (MBR) are an increasingly important technology for the treatment of wastewater (Judd 2008) . The presence of a membrane that completely retains the solids of the mixed liquor obviates the presence of secondary settlers in a conventional activated sludge (CAS) wastewater treatment plant (WWTP). Thus, MBRs lead to a reduced footprint and high effluent quality (Le-Clech 2010) .
The microbial composition of MBRs is still largely unknown, and the presence of a membrane and other specific MBR operational conditions are new selective pressures for the microbial community as compared to CAS systems. The total retention of solids in MBRs implies that all microorganisms are retained in the biological tank (except for the biomass purged), as opposed to CAS, where the microbial populations with lower settling capacity are washed out from the clarifiers (Le-Clech 2010) .
A few studies have compared the microbial community between MBR and CAS operated in parallel, and all revealed significant differences between the overall community structures (Luxmy et al. 2000; Hall et al. 2010; Wan et al. 2011) . MBRs seem to select a more stable microbial community as compared to CAS systems, where higher dynamics were observed (Hall et al. 2010; Wan et al. 2011 ). Moreover, a large set of novel and uncultured bacterial sequences have been found in an MBR (Wan et al. 2011) , which reflects the lack of knowledge concerning MBR microbial populations.
Previous studies have investigated biological nutrient removal (BNR) in MBRs, mainly focusing on the nitrification processes and the populations involved. The same groups of nitrifiers have generally been found in MBRs and CAS. Others groups of bacteria involved in BNR have been very scarcely characterized in MBR systems, such as polyphosphate accumulating organisms (PAOs). PAOs store P in the form of intracellular polyphosphate granules, which is typically achieved by recirculating the activated sludge between anaerobic and aerobic conditions, a process known as enhanced biological phosphorus removal (EBPR). EBPR is a well-accepted process but prone to failure. Glycogen accumulating organisms (GAOs) grow under the same conditions as PAOs and compete with them for anaerobic uptake of carbon sources, but do not remove phosphorus from the wastewater Seviour and McIlroy 2008) .
Other EBPR studies on MBRs have mainly focused on the optimization of operational conditions for P removal, using chemical analysis to assess the activity of PAOs (Lesjean et al. 2005; Parco et al. 2007; Monclus et al. 2010) . In MBRs, to the best of our knowledge, only Fu et al. (2009) have studied the presence, though not the abundance, of one type of PAO (Accumulibacter) in an anoxic/oxic pilot-scale MBR. The abundance of Accumulibacter and other microorganisms relevant in EBPR processes, such as other PAO microbial groups (i.e., Tetrasphaera-related and Dechloromonas-related) and GAOs (i.e., Competibacter and Defluviicoccus-related), have not previously been studied.
Although PAOs thrive under anaerobic/aerobic conditions, they do not necessarily require these operational conditions in order to survive, persisting in bioreactors operated under strict aerobic conditions as well as other aquatic habitats (Pijuan et al. 2006; Peterson et al. 2008 ). MBRs present a potentially suitable environment for PAO proliferation. PAOs grow slower than ordinary heterotrophic organisms (Smolders et al. 1994) , thus being favored in MBRs due to complete biomass retention (Hall et al. 2010) . Additionally, the high biomass concentrations normally found in MBRs might lead to areas of anaerobic micro-niches within the sludge flocs in poorly mixed zones, potentially providing PAOs a selective advantage. Nevertheless, the presence of putative PAOs alone does not necessarily imply EBPR activity, which will depend on the operational conditions. Linking the microbial population with the BNR performance achieved in MBRs was the motivation for the present study.
This study characterized the microbial diversity of the activated sludge in a group of eight MBR plants fed with municipal wastewater, located in different regions of Europe. Particular emphasis was given to the populations involved in phosphorus removal, in view of the lack of information about the presence of EBPR-related organisms in MBRs. The abundance of putative PAOs and GAOs was determined through a large set of previously designed probes targeting these microorganisms, and related to the P removal observed in each plant. This information can contribute to a better understanding of the potential of MBRs to achieve biological P removal.
Materials and methods

MBR plants
Eight MBR plants fed with real wastewater were studied. In all plants, the membrane was submerged in a separate tank from the main biological tank(s). Four MBRs were pilotscale systems and four were full-scale plants (see plant locations in Table 1 ). MBR5 had two flat sheet-type membrane modules with different pore sizes in the membrane tank and MBR7 contained three parallel membrane tanks with different types of membranes. MBR4 and MBR5 were the only two plants specifically designed for EBPR with well-defined anaerobic zones. Details about the design of the MBRs are given in Table 1 .
Collection of biomass samples and operational data
Biomass samples were collected from the membrane tanks and fixed with 4% paraformaldehyde for Gram-negative bacteria or with ethanol for Gram-positive bacteria (Amann 1995) . The corresponding operational parameters and nutrient removal data are shown in Table 2 . It should be noted that MBR1 and MBR2 apply chemical precipitation, thus the P removal in these systems was not only attributable to biological activity.
Microbial community characterization by FISH analysis
Fluorescence in situ hybridization (FISH) analysis was conducted according to Amann (1995) . The oligonucleotide probes used are listed in Table 3 . Several probes were applied together or sequentially: PAO462, PAO651, and PAO846 (PAOmix); EUB338, EUB338-II, and EUB338-III (EUBmix); GB-G2 and GAOQ989 (GAOmix); TFO_DF218 and TFO_DF618 (TFOmix); DEF988 and DEF1020 (DEFmix); Actino221 and Actino658; and NSO1225 and NSO190. The general probes for Bacteria (EUBmix) were used together with the specific probes for microbial population characterization and quantification purposes. Archaea were visualized against 4',6-diamidino-2-phenylindole. The 5′ labeling of EUBmix was either fluorescein isothiocyanate (epifluorescence microscopy) or cyanine 5 (confocal microscopy), while the specific probes were Cy3-labeled. Unless otherwise specified, the probe details can be found in Nielsen et al. (2009) .
Semiquantification of Archaea and general bacterial groups commonly present in WWTP (Alpha-, Beta-, and Gammaproteobacteria and Actinobacteria), as well as ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB), was carried out using a Leica DMRA2 epifluorescence microscope. A preliminary semiquantification of the PAO and GAO populations was also performed. The EBPR-related populations showing >1% of apparent abundance were then quantified using a ZEISS LSM510/ META confocal laser scanning microscope (CLSM) through the analysis of at least 30 images with the softwares Zeiss LSM Image Browser and ImageJ. Quantification values are given as biovolume abundance with respect to the EUBmix signal. The standard error of the mean (SE mean ) was calculated as the standard deviation divided by the square root of the number of images.
Results
General microbial characterization
The epifluorescence microscopic analysis revealed common features in all MBRs studied: the diversity of cellular morphology was high, and many different cell types could be found dispersed in the flocs or grouped in clusters with different sizes and shapes. Filamentous bacteria (of particularly large size in MBR 7, see Fig. S1 ) were the backbone of the flocs, together with an abundant autofluorescent matrix, likely composed of extracellular polymeric substances (EPS).
In all of the MBRs, the dominant bacteria group was the Betaproteobacteria, followed by the Gammaproteobacteria. Actinobacteria (high G+C content Gram-positive bacteria) were also observed in all plants, usually in higher HF hollow fiber, FS flat sheet, SAD p specific aeration demand per permeate flow, n.a. not available a Recirculation between the membrane and biological tanks abundance than the Alphaproteobacteria (Table 4) . Overall, the general community characteristics in the studied plants were similar to previously reported studies on MBRs, with Betaproteobacteria as the most abundant group (Luxmy et al. 2000; Witzig et al. 2002; Sofia et al. 2004) , followed by Gammaproteobacteria (Sofia et al. 2004) . Archaea were detected in all of the MBRs except in MBRs 5 and 7, but in low abundance.
Ammonia-oxidizing bacteria and nitrite-oxidizing bacteria characterization Ammonia-oxidizing Betaproteobacteria were observed through FISH in all MBRs with a low relative abundance, except MBRs 5 and 6, where they were not detected (Table 4 ). Low or non-detection of AOB fluorescence signal was previously reported for MBR biomass (Luxmy et al. 2000; Witzig et al. 2002; Pala et al. 2008) . AOBs were present in the form of small coccobacilli and always grouped in small-sized clusters, although in MBR 3 it was also possible to observe some big AOB cocci dispersed in the flocs. Manser et al. (2005) also reported the small size of AOB clusters in MBR, possibly related with the high shear forces imposed for membrane scouring. Regarding NOBs, none were detected in MBRs 2, 5, and 6 (Table 4) . Nitrobacter sp. was not identified in any MBR samples, which is consistent with previous findings (Wagner and Loy 2002; Kraume et al. 2005; Li et al. 2005; Manser et al. 2005) , although Luxmy et al. (2000) reported bright signal detection with the NIT3 FISH probe. The only NOB cells detected in this study belonged to the genus Nitrospira, described in the literature as an active contributor to nitrite oxidation (Kraume et al. 2005; Li et al. 2005; Manser et al. 2005; Nielsen et al. 2009 ). Nitrospira generally presented cocci morphology, mostly aggregating in small clusters, though in the case of MBR 4, a rod morphology was also observed.
PAO and GAO characterization
Through applying a comprehensive set of probes targeting the PAO and GAO groups, it was demonstrated that PAOs were present in relatively higher abundance as compared to GAOs (Fig. 1) . Accumulibacter (PAOmix), presenting the commonly described morphologies Oehmen et al. 2007) , was absent in MBR 1, but was detected in the remaining systems (Fig. 2) . Nevertheless, Accumulibacter was only abundant in MBRs 3 and 5, where it accounted for 10.8% (SE mean =0.5%) and 6.1% (SE mean =0.4%) of the bacterial population, respectively. In the remaining MBRs, Accumulibacter was present in smaller abundance as compared to the Tetrasphaera-PAOs (Actino221 + 658) and/or the Dechloromonas-PAOs Table 2 Operational data of the full-and pilot-scale MBRs studied within approximately one SRT (except otherwise indicated) (Bet135). The Tetrasphaera-related Actinobacteria were present within the range of 1-8% in the studied plants ( Figs. 1 and 2 ), except for MBR 2, where they were not detected. This group of PAOs was often the most abundant PAO identified, and in MBR 1 it was the only PAO present. The observed morphology of these cells was similar to that described by Kong et al. (2005) , which were mainly short rods dispersed in the biomass, clusters of cocci in the shape of tetrads, and in lower abundance, other clusters of coccobacilli. The Dechloromonas-related PAO targeted by BET135 was detected at levels between 4% and 9% in the majority of the MBR plants except for MBRs 1, 5, and 7. Interestingly, this was the dominant PAO in MBR 4 (6.1%; SE mean =0.3%), the full-scale EBPR plant, whereas it was not detected in the pilot-scale EBPR plant analyzed in this study (MBR 5) . The morphologies of the BET135-targeted organisms included clusters of coccobacilli, as well as large cocci and rods that were more thinly dispersed in the biomass. These morphologies are in agreement with those described by Kong et al. (2007) for this group of putative PAOs. Additional FISH images of the different putative PAO groups can be viewed in Fig. S1 . Overall, the GAOs were present in very low abundance in all the MBRs analyzed in this study (Fig. 1) , except for MBR 8. Competibacter was not found in any of the MBRs except for MBR 8, and in this plant it displayed a low (2006) b Stahl and Amann (1991) c Flowers et al. (2009) d Kong et al. (2007) relative abundance (2.2%; SE mean =0.5%). Similar results were found for the probes targeting Defluviicoccus vanusrelated Alphaproteobacteria: cluster 1 (TFOmix) was not detected and cluster 2 (DEFmix) was only observed in MBRs 3, 6, and 8, where small clusters of cocci were found in very low relative abundance (≤1%). Bet65-targeted cells were present in MBRs 3, 4, and 8 at levels ranging between 2% and 4%. These Comamonadaceae-related Betaproteobacteria were also detected in the other MBRs, except for MBR 5, although they were present in very low abundance (<1%). A common morphology identified with Bet65 was short and medium size rods, as previously described (Kong et al. 2007 ), but clusters of coccobacilli were also observed. Thioalkalivibrio-related Gammaproteobacteria (Gam455) was not detected in any of the studied MBRs.
Discussion
All of the MBRs showed very high ammonia removal efficiencies, except for MBR 6 (Table 2) , where no AOBs were detected by FISH analysis. MBR 6 was the only plant in this study with a very low sludge retention time (SRT), which likely justifies the absence of AOBs and NOBs, since these are slow-growing autotrophic organisms that require a longer SRT in order to thrive. In MBR 5, no AOBs were detected, despite the broad coverage of the employed FISH probes, although NH 4 -N was completely removed. Furthermore, no members of the Archaea domain were detected in this plant, suggesting the absence of archaeal ammonia oxidizers (AOA). The high NH 4 -N consumption observed in this plant may have been partially consumed for the growth of heterotrophic biomass (MBR 5 had the highest biomass concentration). Additionally, unidentified AOBs and AOAs that are not covered by the employed FISH probes could be present in this MBR, as has been previously suggested in literature (Witzig et al. 2002; Chen and LaPara 2008) . Comparing the P removal performance achieved in each plant (Table 2) , MBRs 1 to 5 achieved low P effluent concentrations with a high total level of P removal, particularly in MBRs 4 and 5, which were designed for EBPR. Between these two EBPR-MBRs, the highest P removal was achieved in MBR 4, where Accumulibacterand Tetrasphaera-PAOs were present in low numbers (<2% each), suggesting an active role of the putative Dechloromonas-related PAOs in biological P removal (Fig. 1) . MBRs 7 and 8 were both pilot-scale plants and showed poorer P removal as compared to the full-scale MBRs, even those not containing an anaerobic zone. Nevertheless, it should be pointed out that chemical precipitation was applied in MBRs 1 and 2, likely explaining the bulk of the P removal achieved in these plants. Interestingly, MBR 3 did not contain an anaerobic zone, nor was chemical precipitation applied, but achieved the highest level of P removal amongst non-EBPR plants. This result is in agreement with the FISH quantification values, which revealed that this plant contained the highest total putative PAO population, surprisingly even substantially higher than the EBPR plants (MBRs 4 and 5). The negligible biological P removal achieved in MBRs 7 and 8 (not designed for EBPR) correlates well with the fact that the lowest quantity of PAOs was detected in MBR 7 (3.8%), and the highest quantity of GAOs was detected in MBR 8 (6.2%) (Fig. 1) . Moreover, the influent chemical oxygen demand (COD)/P ratio was significantly higher in MBRs 7 and 8 (174±29 mg COD/ mg P) than the other MBRs (39±30 mg COD/mg P), which also agrees well with the P removal and microbial population results.
Not only was the total abundance of PAOs highest in a non-EBPR-MBR, but the highest abundance of each individual group of putative PAOs (Accumulibacter, Tetrasphaera-PAOs and Dechloromonas-PAOs) was also observed in non-EBPR-MBRs (Table 5 ). In general, the PAO groups were within the range reported in literature, except for the Dechloromonas-PAOs, which presented higher abundances as compared to the EBPR plants studied in Kong et al. (2007) , the only reported study to investigate these organisms (Table 5 ). Nevertheless, most previous studies have investigated the abundance of EBPR-related populations in EBPR plants; very few have presented results concerning the abundance of these e Kong et al. (2007) organisms in non-EBPR plants, and no previous studies have investigated PAOs/GAOs in MBRs. Wong et al. (2005) performed the only other study comparing PAO/ GAO abundance in EBPR-CAS vs non-EBPR-CAS plants. In their study, the abundance of Accumulibacter did not vary significantly among the different plants (9-12% in non-EBPR-CAS and 4-18% in EBPR-CAS). These results agree very well with our study, where the abundance of not only Accumulibacter, but also the other two putative PAO groups, was within a similar range for EBPR-MBR plants (total putative PAOs, 10%±2%) and non-EBPR-MBR plants (total putative PAOs, 10%±7%) (Fig. 1) . These findings suggest that organisms that are considered to be putative PAOs can in fact thrive in systems (MBR or CAS) without anaerobic zones and grow to similar levels as EBPR plants. Their activity as PAOs is dependent on the operational conditions (e.g., presence of alternating anaerobic/aerobic conditions), but not necessarily their total numbers. In fact, putative PAOs can grow under a wide variety of environments (Peterson et al. 2008 ) and can behave as ordinary heterotrophs (Pijuan et al. 2006 ). To promote their activity as PAOs, the key is to impose appropriate operational conditions (normally involving an anaerobic zone); however, it is also possible that PAOs take advantage of anaerobic micro-niches occurring in non-EBPR plants. The high MLSS and EPS concentrations typical in MBRs (Judd 2008; Hall et al. 2010 ) might indeed facilitate the occurrence of these micro-niches, which could justify the good biological P removal observed in MBR 3. In such a situation, it is possible that a higher number of putative PAOs are required to achieve good P removal performance as compared to a traditional EBPR-designed WWTP. For example, MBRs 4 and 5 were able to remove higher total quantities of P with lower numbers of putative PAOs (9-12%) as compared to MBR 3 (24%), for a similar total biomass concentration. It appears that the putative PAOs detected in MBRs 4 and 5 were behaving as PAOs much more efficiently as compared to MBR 3, a non-EBPR-MBR system.
The apparent adaptability and metabolic flexibility of putative PAOs in activated sludge systems with or without a well-defined anaerobic phase is in agreement with the metagenomic analysis of Accumulibacter (Martin et al. 2006) . This study showed several metabolic capabilities that could be expressed according to the adaptation required to the surrounding environment, such as the presence of high affinity P transporters to scavenge P when present at low concentrations, and a complete set of genes to perform nitrogen fixation, which would enable survival in, e.g., nutrient-limited habitats. Furthermore, MBRs are typically operated with high biomass concentrations, resulting in low food to microorganisms (F/M) ratios (Table 2) , which in turn leads to a limited ATP supply to the biomass (Low and Chase 1999; Witzig et al. 2002; Monclus et al. 2010) . Thus, microorganisms capable of alternate means of satisfying their maintenance energy requirements are positively selected in MBRs. In this way, the numbers of PAOs in non-EBPR-MBRs could be explained by both their metabolic flexibility and their ability to accumulate an ATP source (i.e., polyphosphate granules) that can be used to fulfill their energetic requirements in substrate-limited conditions. Wong et al. (2005) found that in EBPR-CAS plants, Competibacter reached values three times higher than in non-EBPR-CAS. In this study, GAOs were often present in low abundance (Table 5) , thus, no trend could be established with respect to the impact of operational conditions typical of MBR technology on GAO selection. It is still unknown if GAOs are as adaptable to nonanaerobic/aerobic environments as PAOs appear to be. The operational conditions that lead to the proliferation of PAOs over GAOs in MBRs, and the promotion of biological phosphorus removal in these systems are topics of interest for future research.
